Permissible symmetries of multi-domain structures are analyzed in the m3m→3m, m3m→4mm and m3m→mm2 ferroelectric species. Domain structures produced by the application of external electric and/or mechanical fields that allow for the formation of two-dimensional domain superlattice are described in terms of effective group symmetry. Based on our analysis, the most perspective directions for properties enhancement through domain engineering are specified for perovskite ferroelectric crystals having tetragonal, rhombohedral, and orthorhombic symmetries.
Recently, a lot of attention has been paid to the multi-domain structures owing to the discovery of strong piezoelectric property enhancement in the domainengineered ferroelectric single crystals of relaxor based Pb͑Zr 1/3 Nb 2/3 )O 3 -PbTiO 3 ͑PZN-PT͒ and Pb͑Mg 1/3 Nb 2/3 )O 3 -PbTiO 3 ͑PMN-PT͒. Such single crystals are poled along a nonpolar but high symmetry axis to intentionally produce multi-domain structures, for example, poling along ͓001͔ or ͓011͔ in the cubic coordinates. These multi-domain crystals show extremely high piezoelectric coefficient d 33 ϳ2500pC/N and electromechanical coupling factor k 33 ϳ95%. 9 Based on the same principle, enhancement in piezoelectric coefficient has also been reported for normal ferroelectric crystals BaTiO 3 10,11 and KNbO 3 12 and in solid solutions (Na 1/2 Bi 1/2 )TiO 3 -BaTiO 3 ͑NBT-BT͒ 13 and PB(Yb 1/2 Nb 1/2 )O 3 -PBTiO 3 ͑PYN-PT͒. 14, 15 Since the domain pattern symmetry is quite different from the underlying crystal symmetry, it is natural to ask what kind of symmetry could be produced in a given ferroelectric system. Some preliminary theoretical studies have been performed on the perovskite ferroelectrics for equal 16 and nonequal 17 An attempt has also been made to find the external fields ͑electric, mechanical stress͒ needed to stabilize multi-domain ferroelectric structures. 18 Generally speaking, the effective symmetry for twinned ferroelectric crystals may be lower than that of single-domain crystallographic symmetry as shown in examples 19 but one could also design domain structures with symmetry higher than that of the crystal symmetry. Complete material property tensor components for multidomain PZN-PT 20 and PMN-PT 21 have been measured based on the assumption of 4mm domain pattern symmetry. However, it is shown experimentally that the effective symmetry can be different from that of the 4mm symmetry in many domain-engineered samples. 22 In this article, we report a detailed analysis on possible point group symmetries of multi-domain configurations in perovskite ferroelectrics resulting from m3m→3m, m3m →4mm and m3m→mm2 phase transitions, including domain walls. We have also added constraints of twodimensional translation symmetry, which provides possible space group symmetries that can be produced using the domain engineering method, or producing domain superlattice.
II. SYMMETRY ANALYSIS OF DOMAIN STRUCTURES CONTAINING DOMAIN WALLS
Our analysis here differs from that given in Refs. 16 and 17 in which statistical analysis was employed and different domains are allowed to overlap in space. In our analysis here, the orientation of domain walls is taken into consideration and a space is restricted to allow only one domain to exist. In other words, specific domain configurations and their symmetries are given instead of statistical average. For any given crystal symmetry, domain walls can only orient in certain crystallographic directions, which can be derived using the method given in Ref. 23 based on the matching of spontaneous strain at the domain walls. Complete sets of domain wall orientations for m3m→3m, m3m→4mm, and m3m→mm2 ferroelectric species are listed in Tables I, II, 
each given strain state, there are two antiparallel polar directions. These antiparallel states, however, might be present only in an unpoled sample and would be eliminated by electric field poling during the domain engineering process. Therefore, we will not deal with them here to avoid deviating too much from the main objective. All possible domain configurations ͑without any antiparallel domain pair͒ are listed in Figs. 2, 3 , and 4, respectively, for m3m→3m, m3m →4mm, and m3m→mm2 ferroelectric species. Effective symmetry of domain pattern is determined by the common symmetry elements from both the domain wall set and the polar direction set. The resulting effective symmetry would include this operation only when a symmetry operation in the polar direction set is also an operation in the domain wall set. Possible symmetry descents found in the domain configurations are summarized in Table VII for m3m→3m, m3m→4mm, and m3m→mm2 ferroelectric species. Most of these structures cannot be used to form domain lattice since they lack two-dimensional translation symmetry. All domain configurations that can fill the whole space in twodimensional lattice are listed in Table VIII . Their symmetry, piezoelectric properties, and stabilizing electric field and uniaxial mechanical stress directions are specified. Directions for stabilizing fields have been found on the basis of equal degeneracy for all polar directions included in the polar directions set. In many cases, either equally degenerate polar direction set includes more polar directions than in the set under study, or not all the polar directions are energetically degenerate. The last situation is probably the reason for the destabilization of the domain pattern formed after the poling field is removed, as frequently observed in the ͓111͔-poled rhombohedral PZN-PT and PMN-PT crystals. Single domain configuration is observed under strong electric fields ͑corresponding to ͓111͔-polar direction͒, but the mixture of domains ͑corresponding to ͓111͔, ͓111͔ and ͓111͔ polar directions͒ is observed after removing the electric field.
Because of the vector nature of the polarization, very few domain configurations, among those domain average symmetries, could have two-dimensional translation symmetry and therefore be stabilized by the poling electric field or uniaxial/biaxial mechanical stresses. As showing in Table  VIII , twin or quadruple states can be stabilized for rhombohedral or orthorhombic symmetries, while only twinned domain structure could be stabilized for tetragonal symmetry. If we also include other types of mechanical stress ͑multi-axial, shear͒, some other domain configurations might be stabilized, however, practical realization of such fields is rather challenging if not impossible.
III. SUMMARY AND CONCLUSIONS
In summary, we have performed detailed domain symmetry analysis for m3m→3m, m3m→4mm, and m3m →mm2 ferroelectric species. Different from previous works of using statistical analysis, we put in all realistic constraints. It is found that only limited configurations are practically realizable, although many possible symmetries were derived using the statistical method. The results reported here can be used as guidance for those who intend to use the domain engineering process to produce property enhanced multidomain single crystals. For example, there have been attempts to perform the domain-engineering process in ͓111͔-poled tetragonal BaTiO 3 crystal; 11 we can predict from our analysis that the intuitive 3m-symmetry cannot be realized. 
